It has been shown that calculating atomic charges using quantum mechanical level theory greatly improves the accuracy of docking. A protocol was developed and shown to be effective. That this protocol works is just a manifestation of the fact that electrostatic interactions are important in protein-ligand binding. In order to investigate how the same protocol helps in prediction of binding affinities, we took a series of known cocrystal structures of influenza neuraminidase inhibitors with the receptor and performed docking with Glide SP, Glide XP, and QPLD, the last being a workflow that incorporates QM/MM calculations to replace the fixed atomic charges of force fields with quantum mechanically recalculated ones at a given docking pose, and predicted the binding affinities of each cocrystal. The correlation with experimental binding affinities considerably improved with QPLD compared to Glide SP/XP yielding r 2 = 0.83. The results suggest that for binding sites, such as that of neuraminidase, which are laden with hydrophilic residues, protocols such as QPLD which utilizes QM-based atomic charges can better predict the binding affinities.
Introduction
Electrostatic interactions are important part of binding energies between ligands and proteins. They are the foundation of hydrogen bonds, salt-bridge, and van der Waals forces. There is no doubt that in order to computationally model protein-ligand binding accurately, one has to employ correct atomic charges since electrostatic interactions are based on point charge model for atoms in force field based molecular mechanical calculations.
1,2 Docking methods up until now have been developed under the assumption of this model, which is shared by almost every computational modeling method of biomolecular systems. 3, 4 Therefore, unless one resorts to a higher level theory to model protein-ligand binding, it is essential to apply accurate atomic charges for precise modeling of electrostatic interactions. Earlier work of Cho et al. 1 addressed this issue and the authors showed that especially in the cases the polarization is noticeably pronounced in the binding sites, recalculating atomic charges with hybrid quantum mechanical/molecular mechanical (QM/MM) method can substantially improve accuracy on prediction of docking poses.
Here, we examine how the quantum mechanically calculated atomic charges affect the prediction of binding affinities. To this end, we use a docking program, QM-Polarized Ligand Docking (QPLD), 5 which is an implementation of a similar protocol reported by Cho et al. In current practice, binding affinity calculation is carried out with more elaborate methods than docking.
6,7 Docking programs are generally regarded as poor predictors of binding affinities. However, the purpose of our investigation is to test the effect of QM-derived charges on prediction of binding affinities and for this matter we compare QPLD with Glide, which uses force field based fixed charge model. QPLD is based on Glide except for the recalculation of atomic charges with QM/MM 8-10 method, so to compare QPLD and Glide would give a direct comparison of the QM-derived charge model to the force field charge model.
The score values reported by these programs are not meant to be interpreted as absolute binding affinities. The scoring function contains numerous empirically fitted parameters and is only meant to discern the relative binding affinities among different ligands and their poses. Therefore, in order to evaluate the ability of these programs for binding affinity prediction, it is imperative to perform the test on a target for which a number of inhibitors are known so that the relative binding affinities can be checked. For this purpose, we chose neuraminidase for which quite a few inhibitors and their cocrystals are known.
Neuraminidase is an important antiviral target for influenza. 11, 12 Since the determination of the first x-ray crystal structure of the target protein in 1983, inhibitors with therapeutically efficacious potencies have been developed with SBDD (structure-based drug design) efforts. Of these inhibitors the first approved antiviral drugs, oseltamivir [13] [14] [15] and zanamivir 16, 17 were successfully commercialized in 1998. The binding site of neurminidase is highly polarized and thus it is probable that more detailed atomic charge model using quantum mechanics would aid in prediction of binding affinities of its inhibitors. We investigate the utility of QM-calculated atomic charges as implemented in QPLD for binding affinity evaluations within the context of neuraminidase inhibitors.
Materials and Methods
Structure Preparation. N9-subtype neuraminidase co-crystal complexes were downloaded from Protein Data Bank (PDB). 18, 19 Of these, we selected 11 structures with resolution higher than 2.1 Å, following the work of Armstrong et al. 20 Downloaded files were prepared with Schrödinger's Protein Preparation Wizard. Protein Preparation Wizard automatically builds incomplete residues and determines tautomeric states of histidine, glutamine, and asparagine residues. Water molecules and cofactors were removed except for the ones influencing the binding site. Hydrogen atoms were added and the positions were optimized to 0.3 Å RMSD with heavy atoms fixed.
Docking. We used Schrödinger's Glide for force field based docking for comparison. In particular, SP 21 and XP 22 modes were used separately. Glide uses grid scoring and hierarchical filtering to select the best scoring poses. XP employs more elaborate scoring and filtering than SP. QPLD. QPLD is an implementation of "survival of the fittest" protocol, which combines quantum chemical calculations with docking and enhances docking accuracy by incorporating more accurate description than force field based energy functions. In this protocol, one performs conventional docking to generate a prescribed number of binding poses of a ligand at first. QM/MM energy calculations are carried out for these poses with only the ligand designated as QM region. After the QM/MM calculations, atomic charges on the ligand are recalculated based on the wavefunctions obtained. A second round of docking with these new charges is then performed and the resulting poses are scored with electrostatic energy intensive scoring function. The rationale is that by recalculating atomic charges of ligand molecule with quantum mechanics under the influence of external fields exerted by surrounding protein atoms within and near the binding site, one can take into account of the polarization effect to more details than the fixed charge model of conventional force fields.
QM/MM Calculations. QPLD utilizes QSite 9 for QM/ MM calculations. The QM/MM energy calculated by QSite can be represented as follows:
, where Here the last term in QM/MM energy is due to the boundary treatment of QM and MM regions. If there is no covalent bond between QM region and MM region, QM/MM calculations become trivial and it is only a matter of using electrostatic embedding in which QM wavefunctions are influenced by point charges of MM region. QSite does indeed adopt such scheme. However, if QM/MM border crosses covalent bonds, QSite uses frozen orbital method 10 for the treatment of such problem. For quantum mechanical calculations, we used density functional theory (DFT). Our calculations for QM part were done with Jaguar, which constitutes one arm of QSite. For DFT calculations, 6-31G** basis set and B3LYP hybrid functional, a combination of which has been shown to yield excellent results for atomization energies and transition states in a wide range of chemical systems, were adopted.
Results and Discussion
For the set of N9-subtype neuraminidase inhibitors with known cocrystal structures, we performed redocking with Glide SP, Glide XP and QPLD. These programs report a score for each pose in kcal/mol unit, which is supposed to resemble binding affinity. Though not to be taken as literal binding affinities, these values can be evaluated against experimental binding affinities for correlations. It should be noted that Glide XP was formulated to roughly predict binding affinities during docking which was meant to be an improvement to Glide SP. We ran these 3 programs and recorded score values for the top ranked poses whose RMSD's from crystal structures are under 2.0 Å. The experimental IC50 values for the featured inhibitors are taken from literature [23] [24] [25] [26] [27] [28] and converted to binding affinities. Table 1 shows calculated binding affinities along with the experimental values. We plotted the calculated binding affinities against the experimental values and calculated the correlation coefficient R 2 for each method. Figure 1 shows the plots. As can be seen in the plots, correlation becomes more evident as we go from Glide SP, Glide XP, to QPLD. Glide XP employs much more elaborate sampling and scoring than SP does and that probably explains the improvement in correlation. For example, Glide XP's scoring incorporates motifs of "hydrophobic enclosures". 29 QPLD is based on Glide SP in terms of sampling and scoring except that the atomic charges are calculated by QM instead of the force field parameters. Therefore one can argue that the improvement from Glide SP to QPLD is purely from the difference in atomic charges. To check how the difference in atomic charges results in better prediction of binding affinities we look at the following examples. Figure 2 shows the binding poses of 1MWE cocrystal predicted by Glide SP and QPLD. The atomic charge value is indicated above each atom. The poses are similar but the estimated binding affinities differ by significant amount. Glide SP and XP use exactly the same atomic partial charges for calculations of electrostatic energies. Therefore the difference in binding affinity calculated by SP and XP must have come from other components in scoring function. On the other hand, since QPLD uses SP scoring function only with recalculated atomic partial charges, the difference in binding affinity prediction between Glide SP and QPLD totally lies in the deviation of atomic charges. For this example of 1MWE, the atomic charge values are most significantly different in the 2 hydroxyl groups attached to carbons 8 and 9. (For carbon atom numbers, we refer the readers to Figure 3 , in which the neuraminidase active site is broken up into 5 regions according to Stoll et al. 30 ) This part of the ligand is surrounded by Arg292, Glu276, and Arg224. Because of the negative charge on nearby Glu276, the oxygen atoms are less negative in the QPLD calculation. Similarly, the hydrogen atoms are less positive because of the positive charge on nearby Arg292. These changes in atomic charges give rise to less electrostatic energy contribution to scoring, which in turn leads to underestimation of binding affinity. It can be argued that the charge values calculated by QPLD are important in calculation of binding affinity in this case.
Use of QM/MM energies as scoring for docking has been attempted 31 and shown to be effective in discerning correct binding poses. It would be interesting to see how QM energies correlate to binding affinities in a similar formulation; however, a definition of binding affinities based on QM/MM energy calculations is required and therefore work along this line is beyond the scope of this paper and should be left for future research.
Conclusion
The scoring values of docking programs are generally regarded as imprecise and only to be used to select correct binding poses. This consensus has been formed through docking experiments in which the correlation of predicted binding affinities with experimental values is poor though the binding pose prediction is acceptable. This situation is contradictory, and it is only an admission that the current scoring functions are not accurate enough. Glide XP was originally designed to improve on this situation and did achieve partial success as our work on the neuraminidase examples showed. Our results, however, demonstrated more starkly that QPLD, which is an implementation of QM/MM docking, can predict the binding affinities much more accurately. This fact is yet another proof that electrostatic energy is important in binding affinity calculations. QPLD was used in this experiment for a quick estimation of the importance of QM-derived atomic charge values in binding affinity calculations; however, further research for more elaborate binding affinity calculation method is certainly warranted to investigate the role of electrostatic energy in binding affinity calculations to greater details.
